Introduction
Spinal cord stimulation (SCS) is a widely accepted, FDA-approved treatment for management of chronic pain syndromes. Over 30,000 individuals receive SCS implantation on an annual basis for chronic pain, thus creating a growing industry in neuromodulation with annual sales exceeding USD 1.8 billion [1] . In comparison to pharmacological treatment alone, SCS patients report higher quality of life, greater pain relief, and more normal resumption of physical activity, including employment [1] . Nevertheless, despite the expanding use of this alternative therapy many patients who qualify as suitable candidates for SCS fail to attain pain relief.
Currently there is no general consensus regarding optimal stimulation parameters, which is reflected in the significant SCS failure rate at 30% [1, 2] . Although the electrically induced paresthesias are usually well tolerated a significant minority of patients find this sensation intolerable, which often leads to device removal [3] . Recent studies speculate this discomfort is attributable to nonoptimal stimulation settings [1, 2, 4] . Experimental manipulation of technical aspects of SCS, such as stimulation parameters, electrode shape and geometry, localization, etc., may need further investigation to be improved for nonresponders considering such parameters have a significant impact on pain relief, comfort and clinical outcomes [1] .
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In an effort to spearhead this ambiguity regarding optimal stimulation parameters, Shechter et al. [5] examined the effects of varying stimulation frequencies and intensities using a standard rat model of chronic neuropathic pain. Following L5 spinal nerve ligation, epidural electrodes were implanted into the rats to deliver stimulation between 50 Hz and 10 kHz at different intensities (20, 40 and 80% of motor threshold). While both conventional and high-frequency stimulation reduced mechanical hypersensitivity after nerve injury a frequency-and intensity-dependent relationship was found in relation to such inhibition. The authors reported a greater inhibition at high-amplitude (80% motor threshold), high-frequency 1-kHz SCS in comparison to high-amplitude 50-Hz SCS [5] .
In response to these enticing results, clinical trials have demonstrated heterogeneous conclusions regarding the usage of high-frequency SCS (HFSCS) in patients. A large, multicenter European study prospectively demonstrated effective chronic pain relief in patients with complex, difficult-to-treat chronic back pain using the Senza HFSCS system, capable of stimulation frequencies up to 10 kHz [6] . Furthermore, of the same cohort of patients, of the 90% of patients that attended the 24-month followup appointment all reported sustained pain relief [7] . However, this study is limited by the bias of its open-label trial design. In contrast, a double-blind, placebo-controlled study found no significant difference in outcomes when comparing traditional SCS and 5-kHz HFSCS [8] .
This case report is the first to validate clinical efficacy of 1-kHz frequency SCS with a standard generator. The capability of using 1-kHz frequency stimulation may provide a new tool for treatment of chronic pain in patients who fail to find relief with traditional stimulation settings, not requiring the need for alternative device implantation.
Case 1
In October 2013, a 70-year-old female presented to our clinic for SCS treatment of complex regional pain syndrome following a car accident. The patient suffered chronic back pain for almost 20 years, which was refractory to all previous pain management methods including pharmacotherapy, physical therapy, epidural injections and radiofrequency lesioning. She initially presented on hydrocodone-acetaminophen and gabapentin 300 mg t.i.d. The patient underwent a successful SCS trial, reporting a greater than 50% reduction in pain as well as improved sleep quality and overall quality of life. Paddle lead (model 39565-65 with RestoreSensor 37714, Medtronic, Minneapolis, Minn., USA) was placed via laminectomy with the top of the lead at the caudal aspect of T8. Stimulation settings were programmed at 40 Hz, pulse width of 330 μs and an amplitude of 3.5 V ( table 1 ) .
Three months after surgery the patient was experiencing 80% pain relief in the morning and 60% pain relief in the evening, however, achievement of such relief required high amplitudes which caused unbearable paresthesias in her right leg. These paresthesias caused her to only use the device intermittently. We attempted several reprogramming sessions at which time we programmed the device varying frequency from 40 to 60 Hz and pulse width from 330 to 450 μs and attempting different electrode pairings. At the 6-month follow-up appointment the patient reported pain relief only 50% of the time, while the other half of the time the discomfort was severe.
We next attempted paresthesia-free stimulation with high-frequency stimulation at settings of (6+, 7-), 1.15 kHz, pulse width of 120 μs, amplitude of 5.0 V ( table 1 ). The patient reported better pain relief for the lower back with reduced leg paresthesia (numeric rating scale decrease from 6 to 3), and stated she would constantly use the HFSCS setting if she did not have the recharge burden every other day. She successfully uses the HFSCS program for relief at work and remains only on gabapentin 300 mg daily at 6-month follow-up.
Case 2
In November 2013, a 56-year-old female presented to our department with intractable back and lower extremity pain, interested in pursuing SCS. The patient reported experiencing chronic pain affecting both of her hips, knees and ankles for over 10 years in part secondary to rheumatoid arthritis. The presenting pain level was 7 out of 10 in all affected areas, which caused joint pain and difficulty walking. Pharmacotherapy, physical therapy and epidural injections failed to alleviate ongoing symptoms.
After failing medical therapy, the patient completed a successful SCS trial. Interestingly, the standard settings resulted in no significant relief (40 Hz, 390 μs, 5.0 V), so high-frequency stimulation settings were programmed at 1.2 kHz, a pulse width of 120 μs and an amplitude of 4.5 V ( table 2 ) . This resulted with a dramatic improvement in pain and greatly increased mobility. Two permanent 1 × 8 percutaneous leads were ultimately placed with their tips at the T7-8 interspace (model 9778160 with RestoreSensor SureScan 97714, Medtronic).
While the patient was essentially pain-free with HFSCS, she had 80% pain relief from standard SCS, which allowed her enough 192 benefit for quality of life without the daily recharge burden. At 1 year, she reported being able to complete challenging physical activities, such as hiking. Her numeric rating scale score decreased from 7 preoperatively to 0 at 1 year.
Discussion
HFSCS presents as a promising treatment option for chronic refractory pain syndromes. This report describes the successful usage of HFSCS in 2 patients who found no satisfactory outcome to conventional medical pain management, physical therapy, minimally invasive pain treatments, and inadequate relief with traditional SCS program settings. Despite the proven benefits of standard SCS, up to 30% of patients fail to experience relief [1, 2] ; thus, these cases convey exciting clinical implications.
For this treatment electrodes are surgically placed in the epidural space of the spinal canal, which allows for electrical stimulation of the dorsal columns of the spinal cord [9] . Predominately founded on Melzack and Wall's gate control theory, traditional SCS modulates pain via the stimulation of Aβ fibers, therefore reducing nociceptive transmission from the periphery to pain-receptive areas of the brain [9] .
Traditionally, SCS induces paresthesias in the patient's painful areas of the body, which relieves painful sensations; however, a significant minority of patients find the paresthesias intolerable, leading to device removal. There is mounting speculation that this failure can be prevented by optimizing stimulation settings [1, 2, 4] . In a recent review regarding the appropriate usage of SCS by the Neuromodulation Appropriateness Consensus Committee, it was suggested that HFSCS offers a solution to uncomfortable paresthesias, allowing for more comfortable pain relief with coverage of difficult mixed-type axial pain. Furthermore, lack of paresthesias allows for betterdesigned clinical trials with masked treatment groups to further the evidence base behind SCS usage [10] . Similarly, in a recent assessment on the future applications of SCS the author suggests that HFSCS will have better success in treating axial pain -low back pain, interscapular, upper back pain, neck pain -allowing for broader patient selection with the absence of paresthesias [11] . The potential application of this new stimulation paradigm remains extremely promising.
A study examining the efficacy of HFSCS in a standard rat model of neuropathic pain reported high-intensity, kilohertz-level SCS to provide earlier and more dramatic alleviation of mechanical hypersensitivity [5] . The authors further suggested the underlying mechanism of HFSCS differed from the traditional mechanism of SCS based on gate control theory. Using neuronal recording, the study documented reduced large Aα-and Aβ-fiber activity, but not small C-fiber activity, thus questioning established models of SCS mechanisms [5] .
Translation of these profound results into clinical practice has complicated these seemingly transparent findings. A large multicenter prospective study of HFSCS implemented in Europe revealed significant and 24-month sustained relief of pain in a cohort of patients with difficult-to-treat lower back and leg pain (79%) -notably, without uncomfortable paresthesia [6, 7] . These results suggest an important usage of HFSCS in patients that fail to find relief with standard SCS, however, the findings are limited by the biased open-label trial design. In contrast, the findings of the double-blind, placebo-controlled study performed by Perruchoud et al. [8] contradict these results. No difference was found when comparing 5-kHz HFSCS to the sham condition of standard SCS.
Following the discrepant findings of these preliminary HFSCS clinical studies, this study is the first to report successful clinical usage of 1-kHz frequency SCS with parameters available with a standard generator (table 3) . This case report remains in agreement with the results of Van Buyten et al. [6] and Al-Kaisy et al. [7] , however, it suggests an important application of bailout usage of 
